INTRODUCTION
The large surface area of the photovoltaic (PV) cells on a spacecraft provides a significant sensor area, which can be used as an omnidirectional receiver on many solar panel layouts. Previous researchers have proposed the use of this unique asset as a backup communication system [1] , realizing that a low-cost, low-power consumption uplink could be created by using the photovoltaics as a laser receiver. Such proposed systems have data rates of less than 10 Kb/s, allowing them to serve as effective emergency alternative-band communication systems, though not as an operational uplink.
PV cells are intrinsically difficult to work with as high-bandwidth components due to their parasitic capacitance and high photocarrier drift and diffusion times. Building on the work of Shin et al. [2] , who demonstrated 17.05 Mbps of discrete multitone transmission on a solar panel receiver, we propose an implementation for overcoming these limitations through reverse biasing with little impact on the overall efficiency of the power system.
One of the most significant advantages of the use of a PV-cell receiver is the low mass and power penalty to a small spacecraft. This becomes more apparent on CubeSats and even femtosatellites, negating the need for an uplink receiver or antenna and providing mass, cost, and power budget savings in a design environment in which all three are critical to mission success.
Successful commercial implementation of a fully optical communication system depends on high reliability and a low requirement for pointing accuracy. The second part of the link uses a noncoherent, light-emitting diode (LED)-based transmitter, which enables a stable downlink without a high-accuracy attitude determination and control system (ADCS). The use of LED beacons is not new; the idea has been tested on FITSAT-1, which successfully recovered a 5-kHz modulation on the signal [3] . ShindaiSat [4] , flown in 2014, used an array of 36 LEDs on its high-gain ar-ray, with a total output of 86.4 W. This allowed for a data rate of 9.6 Kb/s while using basic frequency-shift keying modulation and white light, which negated the possibility of spectrum filtering. Moreover, light fidelity and similar technologies have matured the field of visible light communication (VLC) considerably, and the characteristics of LEDs are well known [5] .
Despite lower directionality, the significant efficiency improvement of LED transmitters (around 70% for LEDs and 30% for laser diodes) enables a power-per-bit value that is much lower than expected. The data rate ceiling for a transmitter bound by the power and pointing limits of a 3U CubeSat is predicted to be around 50 Mb/s. This sparked significant internal interest for further research, because it indicates a large potential in nanosatellite applications to fill the gap in communication bandwidth. Future advancements such as larger ground stations, improved focusing systems, and optimized modulation and recovery techniques will enable the envelope to be pushed even farther. The following are among the biggest challenges in implementing a commercial VLC system: C The hardware implementation and the miniaturization of a high-power, high-bandwidth system C The difficulties presented by atmospheric distortion and the compensation techniques necessary to counteract these impairments C The relatively poor signal-to-noise ratio (SNR) of noncoherent carriers compared to laser-based systems
Authors
In this article, we address all three issues and discuss the payload that is being prepared for the Calypso 1U CubeSat (Figures 1  and 2 ). Verification of this system in orbit on a spacecraft of this size and power constraint will allow it be easily adapted for larger CubeSats and various mission requirements.
MISSION GOALS
The primary goal of the Calypso optical payload is to demonstrate the commercial viability of a fully optical spacecraft, complete with uplink and downlink. At the same time, a number of exciting technologies have presented themselves through the adoption of VLC. The mission also has the following goals: C To measure atmospheric attenuation through power monitoring on the precalibrated transmitter C To train and evaluate a deep learning system for optical communication error correction C To evaluate the feasibility of differential phase delay correction using two ground stations
LINK DESIGN
SNR is a prime concern on the spacecraft downlink due to the low monochromaticity of single-color LEDs (most commercial, off-the-shelf [COTS] components have a spectral spread of around 15 nm). At the same time, the design is restricted by a wider beam. Nevertheless, LEDs allow for higher power density for its footprint compared to laser-based systems. To this, we have chosen a peak electrical power of 140 W and average operational power of 15 W, with an electrooptical efficiency of 70%, well within the feasible limits of a 1U CubeSat. The gain of the transmitter and receiver are given by the following [6]:
A 400-km circular orbit is used, with a maximum link angle from zenith, of 40°, a beam divergence of 20°, and a homogeneous power distribution. As a result of the relatively large beam width, we approximate the aiming loss to 1 dB resulting from receiver tracking inaccuracies. A 30-cm (12 inch) commercially available telescope is used as the receiver, and 700 photons/bit is assumed.
Figure 2.
Internal layout of the Calypso 1U CubeSat. This is comparable to most high-performance UHF systems available on the market today and offers a similar bit rate to laser communication systems on the same scale. The overall system offers an attractive alternative to either solution due to its low cost and reduced ADCS requirements. With a radiant flux of 8.16 · 10 −9 W/m 2 , the satellite will have a predicted visual magnitude of around 1, making it visible under good seeing conditions.
The uplink laser will use a 150-W, YAG (yttrium aluminum garnet)-pumped, 1,064-nm laser mounted coaxially to the downlink receiver and tracking setup via a 0.3-m aperture transmitter. The ground station cost is of a lower concern, because such systems do not need to be made available to every spacecraft operator. The implementation of a pixel array-based tracking system allows for a tracking error of less than 1.2 arcsecond (3σ) without a fine steering mirror and for spacecraft identification in emergencies in which the exact orbit may not be known. A simple radiometric link budget gives the received power of the link.
At a background irradiance of 1,000 W/m 2 (worst-case scenario), with 8.12 dBW, or 0.154 W, of received power, it is predicted that the peak-to-peak voltage of the signal is 0.45 V. This allows for relatively easy detection using the electrical power system or a dedicated channel. The data ceiling of the system is thus bound mostly by the effective bandwidth of the solar cells.
IMPLEMENTATION
The proposed communication architecture, composed of a VLC downlink and PV-cell uplink, will be flown on Calypso, a 1U Cube-Sat developed jointly between Aphelion Orbitals and the Aerospace Research & Engineering Systems Institute. The two functions are contained in a dedicated VLC downlink module and a custom EPS (Electric Power System)-integrated uplink driver. This mission demonstrates the low volume and the ADCS requirements of the system by implementing it in the given form factor and power budget.
CELL-BASED UPLINK
Reverse biasing of photodiodes is a common technique for improving bandwidth by increasing the number of photocarriers and improving drift velocity. The use of self-biasing on solar cells has been investigated in the VLC industry [2] . This technique has been demonstrated to improve the −3-dB bandwidth of a PV cell by up to 60% using a 30-V bias provided by a lightweight upconverter. Moreover, it was determined that minimal low-energy losses were incurred, because biasing recovers significant energy expenditure through increasing PV-cell efficiency.
The use of the uplink as the primary communication system requires the receiver to be powered on at all times. Thus, we employed a low-power wakeup scheme using an envelope detector and a 2-MS/s (megasamples per second) COTS ADC (analog-todigital converter), which polls all faces for a period of 100 ms each at a reduced sampling rate. This scanning process can be implemented to consume minimal standby power as demonstrated by similar implementations in commercial wakeup receivers [7] . The ground station broadcasts a link start signal for 5s. When a clock signal is recovered, the ADC selects the face with the best SNR and processes telemetry data. The uplink receiver is described in Figure 3 .
One of the primary goals of this payload is to investigate the feasibility of such a system as an emergency communication and reset channel. The implementation of the receiver circuitry in the EPS allows it to power cycle the spacecraft via dedicated control. At the same time, the received telemetry can be delivered to the OBC (onboard computer) to override radio link data.
VISIBLE LIGHT DOWNLINK
A survey of COTS LEDs has revealed that, though limited, a number of options are available that provide built-in lensing at a 20° beam width. However, to open up the possibility for more efficient, monolithically packaged, high-power diodes, additively manufactured, low-profile lenses were selected. They can be used without major thermal concern due to the low duty cycle of the transmitter. The implementation on Calypso uses four high-efficiency, highpower, 620-nm Luminus SBT-90 LEDs capable of 1,600 lumens at a 13.5-A peak power each (Figure 4) .
To maximize transmit antenna gain, we have evaluated a number of commercial TIR (Total Internal Reflection) lens and Pointing loss 1 dB parabolic reflector attachments. Because no suitable lightweight component was found for the large aperture of the Luminus LEDs, a set of additively manufactured lenses based on a SLA (stereolithography) process will be produced and subsequently processed for a suitable surface finish. The Calypso payload implements a downlink LED driver with 140-W peak power and a 40 Mb/s bandwidth limit. Scaling down a transmitter of this power represented a sizable technical obstacle due to thermal dissipation.
This was mitigated through the low specified duty cycle, which restricts the transmitter to 2 minutes on-time per orbit. An Altera Cyclone IV handles the stream processing and interfacing with the OBC. The field-programmable gate array (FPGA), together with a Raspberry Pi compute module, implements an end-to-end, deep learning-based signal processing system that drives a 125 MS/s (Megasamples per second), 14-bit DAC (digital-to-analog converter). This produces a 16-QAM (16-quadrature amplitude modulation) modulated signal that is fed into four high-powered bias tees after amplification. A dedicated high-discharge battery in the EPS feeds the synchronized, pulsed metal-oxide semiconductor fieldeffect transistor LED driver.
The module is contained within a single PC104 form-factor printed circuit board mounted on the Z+ face of the CubeSat, weighing 150 g. An integrated, 7075 aluminum housing on the back of the unit is directly coupled to the LEDs and switching circuitry to act as both an electromagnetic interference shield and a heat sink. Prototypes of the driver circuitry have been constructed, as shown in Figure 5 .
The units have been tested rigorously in Aphelion's facilities for power characteristics, modulation response, and thermal dissipation under vacuum conditions, with setups used for component characterization shown in Figures 6 and 7. A second revision will be made in accordance with the testing, which called for a higherpowered preamplifier.
GROUND STATION AND COMPENSATION
Free space optical communication systems need to compensate for channel impairments such as atmospheric distortion and the frequency response of hardware components (i.e., transmitter LEDs).
To account for such problems using an economical and lightweight method, an innovative method using deep learning was devised. Using the research of O'Shea and Hoydis [8] , we modeled the downlink as an autoencoder, an unsupervised learning device used to map high-dimensional data to lower dimensions, acting like a compression algorithm. This allows us to maximize the channel bandwidth. Communications systems generally require mathematically tractable models [8] . However, in the interest of lowering costs of development and deployment in production environments, it is more economically feasible to eschew traditional multiplestage communication systems in the favor of a single, end-to-end, deep learning system optimized for the specific hardware and channels, lowering development time and cost.
Because certain types of deep learning systems (specifically, recurrent neural networks) are known to be Turing complete [9] and universal function approximators [10] , we are able to combine the various parts of classical communication architecture into a single block and have the neural network model it in its entirety.
The cost of deep learning systems has been falling rapidly, and as efficiency of graphical processing unit (GPU) systems improves, it is possible to embed such a system into a CubeSat. There are research efforts to create specialized application-specific integrated circuits optimized for neural network systems, including Google's tensor processing units. In future iterations, it should be possible to integrate such chips into CubeSats instead of off-the-shelf GPUs designed for embedded systems (in this case, the Raspberry Pi onboard GPU) that will be flown on Calypso, allowing higher-power efficiency and better optimization.
The autoencoder system (Figure 8 ) will be implemented with a one-hot input vector of the maximum size that the Calypso's embedded Raspberry Pi module is capable of efficiently running in Figure 7 .
Early transmitter test showing a FM (frequency modulation) sweep. A direct current-biased quadrature phase-shift keying link was demonstrated using the same hardware.
Figure 6.
Prototype VLC transmitter with amplifier and bias tee. flight conditions (which will be determined later empirically). Assuming an input vector of size n, where n = 16, each packet of data fed into the encoder would be log 2 n-in this case, 4 bits of data. The goal of the neural network is to minimize the difference between the theoretically achievable SNR and the actual SNR. The theoretical transmission we are modeling upon uses a 16-QAM transmission system with Hamming(7,4) error correction. It has already been demonstrated by O'Shea and Hoydis [8] that such machine learning-based signal processing systems are capable of performing just as well as, if not exceeding the efficiency of, a traditional encoding and/or modulation system that operates in discrete stages. On this premise, we have decided to train the neural network on Calypso while it is in flight instead of doing so on the ground with theoretical atmospheric loss models so as to achieve the highest efficiency in practice. The training data will be sent up via the main RF uplink, and it will be used to train the optical communication system. The system proposed by O'Shea and Hoydis [8] is implemented, with seven neurons as the final layer of the encoder because of the choice of error correction. The output of the encoder is passed through a IQ modulator via the Altera before being pushed into DAC. Similarly, the ADC on the downlink has its output passed through a I-Q modulator before being fed into the decoder system.
The use of machine learning as a replacement for a traditional signal processing stack offers great flexibility, because the communication system can be updated in flight. The self-optimizing nature also means that it would attempt to attain the best performance possible with minimum human intervention.
At the same time, we recognize that VLC offers an exciting opportunity in atmospheric correction technology. When multiple transmitters are used on a single link, a differential phase delay can be observed, as recognized by the work of Yuan et al. [11] , which we summarize as follows:
where n 0 is the average diffraction index, n 1 represents the fluctuation of that value, and k is the wavenumber of the transmitting beam. Hence, the variance of the phase delay can be stated as follows: Here, C 0 is approximately 1.7 · 10 −14 , v is the upper atmospheric wind speed, A is a scaling constant, and h is the altitude.
It has been suggested that provided a large enough separation between the transmitters (on the order of multiple kilometers), the interference between the two beams can effectively correct for atmospheric scintillation. However, the differential phase delay is too small for use in atmospheric fluctuation correction on most spacecraft due to physical restraints that prevent the two transmitters from being positioned a substantial distance apart.
However, the use of VLC techniques opens up the possibility of multiple synchronized receivers due to the wide beam coverage. The Calypso payload will evaluate the use of this technique using two identical Rubidium time-synchronized receivers placed 20-km apart to record the differential delay between the two received signals. Then data will be interfered and corrected digitally to recover the transmission.
Each ground station is composed of a 30-cm aperture Ritchey-Chretien telescope mounted on a commercial German Equatorial mount such as in the prototype depicted in Figure 9 . Tracking is achieved via a coaxial 5-cm refractor and a control computer. Both of the stations will be equipped with a YAG-pumped uplink laser modulated by a DAC/FPGA setup, which also allows the interference-based correction technique to be used on the PV-cell uplink.
Figure 8.
Prototype VLC transmitter with amplifier and bias tee.
We expect the cost of each ground station in its final configuration to be under $9,000, a figure crucial for duplicability and widespread adoption to allow the construction of a ground station network. The same hardware could be shared among multiple bands, together with laser downlink users, to spread deployment cost.
CONCLUSION
Building on a number of past missions directed at exploring the use of VLC on satellites, we have described a highly economical and space-efficient bidirectional communication system designed for use on small satellites and as an emergency beacon. Using state-ofthe-art deep learning technology, we are able to implement a system for use in optical communications that is capable of optimizing itself. This system is shown to have a number of unique advantages and can be easily commercialized based on present levels of maturity. The flight version of the optical communication payload is under development and is expected to be integrated into the Cube-Sat by the end of 2017.
